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"""""     ~"        *""   quenching transformation is believed to be 
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hardening phenomenon in the f i-»Mn alloys« 
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Introduction 

Much work has been öKjne in recent years to improve 

the strength of titäniuMbase alloys a Titanitam has great 

potential value as an engineering siäterial bec-äuse it has 

one Of th§ highest strength»to»weight ratios of materials 

known: töaaytrandj in addition., displays superior cowosion 

resistance under various operating conditions» Moreover^ 

the existence of an ällotropic transformation and the 

concomitant possibilities for quench hardening have interested 

research workers engaged in alloy development«, 

—Pre-yip-oa Work mr the fi-Mn System 

•- •& 

According to recent work (1) * the beta«T>o=alphs - 

(b«,c;»c, to c>p.h.;) transfonnatiorii iniodise titanium occurs 

at 882«5e - l°ea it is known that the beta phase in pure 

titanium cannot be retained-even öy an extremely rapid quench 

to room temperature. The same phenomenon is also encountered 

in ether- pure metals, such as zirconium^ thallium and iron0 

However, the introduction of alluring elements often makes 

the transformation of the high temperature phase sn. sluggish 

that a portion or, all-of this phase is detained on quenching 

or even-slow cooling^ This behavior is typical of titanium,. 

* 
References are "listed consecutively at the. back of the report 

-1- 

Research Division, New ¥ork university 
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A number of elements lower the transformation temperature 

öf-beta titanium and tend to stabilize this phase* j&moug 

these elements are columbium (2), cobalt (3!)j._chromium (h)*. 

copper (5)* iron (6)? manganese (73ts molybdenumJ.£}5 nickel 

•$8.5» silicon (9),  tantalum (7)s vanadium (10),. tungsten (7) 

and zirconium v( 11) * 

v "--=' "   Addition of the Wtä»stäMlizing elements^ manganese 

and chrsniufii, has produced titanium alloys which quench naraen« 

Figure 1, based on BatteUe (12) data, shows the effect of 

homogenizing temperatures on hardness of titanium alloys 

containing up to 10$ manganese«, Greatest hardening is obtained 

Oh quenching from 1700*F, ab which temperature all alloys used 

are in the beta field, with alloys containing 3~?J? manganese 

rdeveloping maximum hardness. Jgn^ddition^ .fable 1112.),,shows 

the effect of quenching temperatures on the final hardness of 

manganese and chromium alloys„ 

- ~  fable 1« Effect of; QueriC-hiftg Temperature on 
Hardness of Ti~Mh ähcl Ti°Cr Alloys 

Composition 
in % 

Mn 
•j    n. 

y£ 

10 o0 
Cr 

n.xf. 

3.5 
§& 
10,0 
10,0 

v'i dk'e,Es; * Sadness;, .Number 
Homogenized at 9^QÖC„ for-10 mih 

in argon atmosphere 
Quenched in cold     Quenched in liquid 
water :(0°G,^ nitrogen C~196°Q8) , 

,     268 

•al.o 
332 

322 

3<3k 
368 

$$9 
3lli 

*2- 

f 
a 
s 

I 
T. 

Research Division. New York t!ni' 'ersi-fcy 

,r 
->,rraffi V1^*«*- ^ ru/^v •'j,*ia*a...'f n1?""*-»^! 
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From Table 15 the effect of quenching in liquid 

nitrogen seems to be similar in "both the Ti=Mh and Ti«*Cr 

systems« Maximrai hardness of almost identical '»alue occurs 

in the $%  alloy of each system«, It is of interest to note 

that the 5$ alloys are the only ones to show an extensive 

increase in hardness between the cold- water quench and 

nitrogen quea«h data.. Similar changes: in hardhess9:_ :- 

hi'vis  and-negative, were observed in both systems _- 

for manganese or chromium content above and below five 

percent. - 

It is also interesting to note that age hardening 

occurs in the Ti-Mn alloys on annealing in the alpha~beta " 

field and that highest hardness among the alloys listed is 

attained in theß% Mn alloy».. This is „shown.in Fig,., ,2;,, Cl2,)„ 

Which summarizes the isothermal transformation data obtained 

with Ti~Mh alXpys, homogenized at ?u>0°p for 10 minutes in an 

argon atmosphere and quenched into a lead bath at 3£0 t |°G^; 

The titänium^rich T'i~Mn equilibrium diagram 

detea^mined at Battelle (?) is reproduced here as. Eigs 3« 

The main features of this partial equilibrium diagram are 

that the ß tränsus line decreases continuously with increasing 

Ma content,, the amount of söliibili^ of Mn in a phase is quite 

limited^ and there is some evidence Of the existence of a 

eutectoid reaction« 

1 

**~j® 

i 
Research Division, New York University 
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The_Ti-Mn Queri^h^Hardening Reaction 

The occurrence of quench nardetlng in the Ti«?Mn 

system has been adequately substantiated in the present 

literature survey«, It ir the purpose of the,present 

investigation, therefore,, to study the conditions under 

which such hardening occurs and to determine the mechanism 

underlying that behavior«, 

 —    ixw3   oieiiiax»»i:iitetluj.uji j.ii  i*«"Wji"eu,iUjy,£j   yen* yc   CCnSiCsSS'e<A 

on the basis of (a) structural alteration tfros» b.cc> to 

c„p«h»), and (b) the similarity existihg between the Ti«*Mn 

phase diagram and other alloy systems. 
- • 

(a) Consideration, of the bgg^c» to c.p.h» transformations 

Not many alloy systems show transformations like the 

beta-to-alpha transformation in titanium 0 The most extensively 

studied system was the Gu~Al system fir^st. investigated by 

Wassermahn (Iji) in the composition range from 11 »9 to 12e7/6.Ale 

Figure k shows the copper»rich portion of the Qu-Al equilibrium 

diagräm containing the eutectoid composition» The high tempera« 

-•k«Y»o Wh'aeo 
'^3     p 3 transforms into a structure of a + 6 on slow 

cooling^ but when rapidly <eooled? transforms to ßHhröUgh a 

maTtensitic transformation«, The ß' phase^, determined later (lli)j 

Shows a distorted cep.eh« structure» 

Wasserman suggested that the phäfe^transförmatioh 

aröund ß eutoetoid composition was as followst 

upon "rapid" cooling from the ß. field ('fig., Uli. 

ß (disordered b.c.c.) -> ßx (ordered b,;e,.c.) ->  a »(distorted .cp«h'„) 

and upon reheating,  ß > ->:   ' -fix    ^    a + 6  -*  ß * 

j 
Research Division, Nevy York University 
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and that, the ;ß ^.ß l tränsf©imation was -csiteletely reversible .': 

Later, Kurdjumöw and Stelletzku (15) discovered a new 

•aiartensitic lattice haying a crystal structure different from 

that of ß« and which they designated ^ ? , According to them, 

ßV resulted from rapid cooling of alloys containing between 

12<,° and 13.l£Al, and y* only from alloys above 13.1& Ale 

rEcroscopic wörk"ähbwed the irretaxiogräphic structure of ;p* 

to be almost identical with -*%.  the only difference being 

that Y« "needles" often contained apparent twin bands» 

KLier and Grymko (16) recently made a microstruCtural 

study of this transformation and clarified the sequence of the 

decomposition of ß^ (orß ). The isothermal transformation^ 

at or below euteetoid: temperature, in the 13*5*55 4I specimens 

investigated showed that twordistinct reactions occurred» 

The first reaction resulted in the formation of an acicular 

precipitate but the"structure-was not stable, and on further 

"holding at that temperature,'was subject "to a second reaction 

of agglomeration and grlowfäu _ihe_resnltihg. structure-underwent- 

no further change during continued isothermal holding«, 

Afte;f quenching from the isothermal, anneal, prior. 

to the start of the first reaction, the structure as quenched 

was Y1 with possible traces of ß«« For- longer annealing: 

times,, through the course of the first reaction* the structure 

in the quenched specimen became a mixfcvire of y! and' ß-f0 This 

J 
Research Division, New York University 
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meant that the Y* revealed was not original matrix Y* but 

rather, because of the £ormation of the large amount of ß1, 

the Y1 formed was of necessity rich in kla   The Y' was next 

replaced by § and the structure was the« 6 andßJ«, For 

the fully transformed alloys the structure was composed of 

d and 6 

s both ß* snd Y*-sprmed^frem B^ V or « y öf 

characteristic composition^ Klier and G^xnko pointed "pi* 

that the structures from the first reaction before quenching 

consisted -of p a. of two compositions, namely, ß£ (Al^rich| 

and ß^ (Al^depleted). When quenched, ß£ transformed to Y * 

and ß^tö ß*0 On slow cooling, ßj became enriched in Äl to 

the pointy where, it could precipitate as 6 , The precipitation 

ÖY15- depleted 'the'ß-ifoi' '•S3L^%o the point where., d. could -—-=—— 

precipitate., the final-structure then being made up of 6 

and a « The sequence was as follows* 

JS 8 * (a),  (slow cooling 

~^. Y !     (on quenc? 
-^-liä^e- 

$: 

^^ß, H 
j^. a + ( 8)  (slow cooling) 

^x ß '     (on quenching) 

As found by Isaitschen,. Kamirisky, and Kurdjumow ^w* 

Y* is a CöP.«he. structure with an ordered arrangement of atoms« 

p ' differs from Y* in that the, §Q@0l3, direction is at an angle 

8 

J 
Research Division, New York University 



-Je 

O ( ) 

u 

,~ 

! "' 

i u 

of 2* to the (.ODOl) plane normal, and the angle between 

the plane (1Ö1Q) and (0110) differs about 1* from 120°0 

The writers also indicated that. Br"can. be transformed to 

Y8 .by mechanical deformation, stating that "„«.. e ,,* after 

deformation, some lines on thejDebye pattern of ß{ phase 

merge together, giving; broad lines; the new line system 

becomes analogous to the line system öf the y« phase". 

The orientation relationship between ßx and y» as 

found by Greninger (17)* may be defined crystallographically 

äs follows? ....-' 

-VüööI):, 
Y 

(0110]. 

I liiol Pi \ 

toooii 
Y 

(Oil)  = h°' 
ßi 

[oiioi 
Y1   • "   ßl ^/ 

jL~an&~ * ~jiei>e are ip. twi® ^ela+'iongliipj with the (1011) 

plane öf A-^ as the twinning plane» Since ß »• is of a pseudo"» 

hexagonal" framework, as mentioned previously,, its öriehtatiqr 

relationship (17) can. only be äpprojcLmately represented ass. 

-;,   '. ""•"  (oooi)  -|-. (lio), =:k° 
ß-       H 

[loi©] , ||  [ill].. 

In additionS; the habit plane as determined by Greninger (l?) 

is (JLjlp)_ for 8« and (,221) a    for v
1 in the transformations 

px~    ' px -   --------   "'"-" 

,7» 

Research Division, New York University 
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p*"^->r im^.^^^respectively. =     .. - - 

the phase transformation in zirconium is another 

exÄmpie of the transfernstionfiCfi-yv^>:"t.-tö^_c=p0hv structure, 

From a study of the orientation relationship* Burgers (18) 

has proposed that i^"e.ma^-b^öits-transformation j»ccurs in. .•_ 

Zr by a heterogeneous, shear on the system (312) i 111] « The 

rrystallographic principle underlying his proposal is that 

the configuration- of^atoms in the (212) plane of a b.c.«.c, 

structure ip exactly the same as that in the (101©) plane 

of a CöP«hö structure based on the same atomic radius. 

Thus a close-packed hexagonal structure cart be built up 

from a b.c.c. structure simply by displacing the (112) 

planes relative to each other.* . This mechanism leads to 

orientations that can be described by the relations 

b»cÄc,e '• 

c-^p.n^ 

The habit plane resulting from this.jmeciianism_.woPld^±hen_. - 

automatically be the (112) plane,,, However.,, the. habit plane 

found by. Bowles (19) in the bcCsC« to capehv transformation, 

in Li is a plane Bearing Miller indices of the (Ifijl-) type, 

Another possible mechanism presented ^ Burgers 

(18) is that the. structural transformation from b:«c;,c, to 

c.p.h. could have an intermediate f ,c.-c.. transition lattice. 
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the structural cycle can be briefly illustrated as fcli^s 

b.cece  •**   f.cec, (p -bras&t^a -brass) 

\J~UJj 
II—~-ü-_ — 

boCftC, f ©CjiC/s 

[no! 
A~©C ©C ® 

x o c »,c ov c ©p oft « (ß -Go •*•--%   $>Go) 

(111) 
£ .c.c •V «V j,. 

!!     ,A1Q1) 

Thus* the net transformation will bet - . 

b.e^ea '_-J* _ e*p,gu  •_.._' -         

D (jCgC« ÄeP-^ 

tmlw. t Läi2@ä C:.P=R, 
which is the same as was just given for the case of Z&9, 

Weerbs £20) reported that the epsilon phase 

transformation in the Ag»2n system also had a b.c.c,» to 

h.c0p,d. structural alteration mth the following relations 

CHI), 
-»«»-•e--« 

or :,    II Cieiö) 

Bowles (1Q) reported that the habit picine of 

martensrtic transformation in a bec..c;0 matrix was located 

Rftseetrch Division,   New York University 
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mostly in the vicinity of some minor planes with indices 

corresponding to { &£&.}* No" satisfactory theoretical 

eacplänätipn has been offered for this observation« 

(b) - Consideration of the similarity between Bhase diagrams s 

The quenching of iron^rich Ee»Ni alloys from the 

high temperature gamma field (i<,cec« structure), Fige ?, 

as first reported by Owen and Sully (21),, produced a distorted 

alpha: structure ($r)« They observed that, after quenching 

fjjom 800 °.C a completely distorted alpha,s^ structure was 

present in alloys of Ni content from 2,°6 to 23,32 atomic 

percent and co-existed with retained gasrsna in alloys from 

27.12 ta 30"«6O atomic % Ni« The lines in the X-ra^ diffrs.eti©n 

pattern of •&!- are diff e-rent front those "of ® 5 in that-they are 

much broader, the (310) doublet of a' with Co radiation, usually 

being unresolved and diffuse«, The; material was obviously not 

in equilibrium^, and the lattice was considerably distorted«, 

It was this distorted structure ( a') which was 

unfamiliar to Osmond and Gartaud (22) and led them to speculate 

that a simple eutectöid reaction existed in the Fe-Ni • 

equilibrium diagrams Also, this same distorted" structure,, a« 

was designated as martensitö by Hansön^and Freeman. (IZ) 

•owing to its resemblance to the martensite in carbon steel« 

Later', Owen (2k)»  baoad on his observations on meteorites^ 

-10= 
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'described a1 äs "„oi3a supersaturated alpha^ sjvlld solution 

of Ni iron In iwiich there -will be internal stresses caused 

bgjr the distortion of the crystal lattice owing to the excess 

of Nis,»..««„. Such material is in an unstable conditioh? 

and if heated to moderate temperatures will separate into 

the stable components, kahacite and täejalte, as found in 

meteorites". 

The iroh^rich portion of the Fe«Mn equilibrium 

diagram has phase boundary lines similar to thoseJLn the 

Ti-Mii system (Fig* 6)* As shown by Troiaho and McGuire (25), 

the gamma transformation in the Fe~Mh, system occurs in almost 

the Sdme manner as that in the betä^eutecjböid Cu»Äl system,, 

ülTbeirg'Quenched te room temperature| the gamma transformed 

to d« öf the samg composition and the amount of a* varied 

directly with the amount of gamma originally present,» The 

a? was also characterized by diffuse lines displaced so as 

to indicate an abnormally large lattice parametera The final 

X-ray pattern revealed the presence of two alpha solutions, 

namely, equilibrium alpha with sharp lines,, and supersaturated 

alpha with diffuse lines 0 Gamma Of approximately 3 to lj? 

atomic percent Mn gave an X~ray diffraction pattern corresponding 

to the lines, of the supersaturated alpha phase 9 

Gamma of approximately 13 to 30' atomic percent Mn in 

Ihe Fe-Mn system formed the unstable, epsilon phase (c<,p«h«) 

-!!• 
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during. q;aenchihg.0 The quenching temperature and, specimen 

sizej,. apparently influencedth©:, aawwA  of _#psJl«a; phase 

formatiohj In-geheralj the higher the quenching temperature 

and the larger the specimen* the greater was the amount of. 

epsilon phase formed,, However9  under no .conditions was 

^ epsilon observed beiqw approadmately 1Q and above 26 atomic 

percent Mh* " 

The transformation temperatures öf y •* ae- and 

Y ~*LJ5    are independent of the cooling rate«, The 

presence of multiple twin~like structure in 6 distinguishes 

its microstrueture from the a pha&e« 

Both 6 and retained y decompose during cold-rolling. 

In alloys of 10«62 to 13,00$ Mn, the y  retained after quenching 

transformed almost entirely to supersaturated a* with a trace- 

of © phase«, Alloys of l5«2U to l6*7-U# Mh showed appröxiinately 

equal amounts of only y and s after quenching« At an inter- 

mediate stage of deformationj only e with a small amount of 

a» was: present, while after severe- deformation^ the Bebye 

pattern indicated the structure to consist almost entirely of 

a* with only traces, of s « the large amount of additional a > 

could have been formed only from the decomposition of $. «* 

©uwez (.26) also found the supersaturated alpha 

structure^ a*s, in the Ti-Mo-system by means of X-ray diffraction 

patterns. He found, it in Ti»Mo alloys Of up to 1%%. ¥.0-s  afte3? 
» " - _,   ' 

•--- -• - . ... -12« 
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homogenizing at 9,806C fir 2k hours and quenchi  from the 

beta fields. Only partial transformation occured from about 

l* -to 12$ Mo, while above %2% Mos the ß structure was retained« 

Also, although the temperature of the allotropic transformation 

in p'jre .Ti decreased progressively from 882 ^C to about 8$0-BG 

with increasing rates of cooling from k° to 1Ö.,,0ÖÖ° per sec,, 

the cooling rate had no effect on the temperature of trans- 

formation of ß phase into a* (curve M in "Fig. ?)• He suggests 

the retention Of ß at room temperature might be explained 

on the basis of curve M* Fig,« '?* exfcrapo^ nted to the 12$ Mo 

ordinate line below room temperature. 

In allocs showing; a transformed a structure, D.uwez 

reported that the diffuseness of the lines, corresponding to 

al structure did not permit him to determine, the lattice 

parameter of <xt structure with any degree of certainty«, 

Similar observations have been reported for. the Fe~Ni (21) 

system * Obviously, he amount of annealing will • improves the 

diffuse lines of a« introduced during quenching* since 

annealing would cause decomposition Of the a?» 

Hansen and his collaborators (2) were unable to> 

differentiate between the transformed structure (a') and 

isothermal a structure ejn the basis of X~ray diffraction 

patterns?,, Neverthelesäj. the equilibrium ß phase in the 

Ti=Mo system will transform during quenching partially or 
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wholly into d* at a. given temperature in a two-phase region 

within definite?• composition limits... Xt° would be reasonable 

to expect this metastable a * structure to play an important 

fcole in the qu.ench»har<aening mechanism^ /...-.-• 

, The alloy systems Fe=Ni, Fe~Mn and Ti-Mo discussed 

above have the same type of equilibrium diagram at the base« 

-r^s-'SX--"end as iC/r^the Ti—r$5n"Ti«rui Byst'enfe ~ Their quenching 

products also appear to be related closely by the similarity 

of their equilibrium diagrams and this view can be.even 

extended. t0 the eutectoid-type- equilibrium diagrams of Gu«Äl 

(p -eutectoid) and Fe-C systems., Although, the structural 

transformation in the Fe»Ni and Fe»Mn systems is from fsc„c, 

to b.0c,eec., the change in the Ti^Mh system is from b.cc. to 

Cop.,h. 'The^t&Mo system,"'however, whichT exhibits the'same- 

structural change as does the Ti-Mn system, also shows the 

same quenching product appearing iff the Cu^Al (ß-euteetöid)' 

"* 

.Summary -.__: - 

The nature of martensitie transformation is such 

that it does not require readjustment of the concentration 

of the alloying ingredients^ i.^a*,, it is a diffus-ionless type 

of reaction and the extent of the reaction usually is an 

inverse function of the reaction temperature „ The martensit-ic 

transformation produces a mestastable transition structure., 

the formation "of which is accompanied by considerable hardening 

Research Division, New York University 
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• win—law 

of ;the metal« From the evidence presented^ the ^quenching 

transformation in the Ti-Mn system" would seem to be of the 

marconsitie type_6 However, the form, of the transition 

structure and the possible mechanism by •which it is generated 

i?ill have to be determined experimentally» 
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